Amorphous, glass, and glass-ceramic materials practically always include a significant number (more than eight) of crystalline phases, with the contents of the latter ranging from a few wt.% to several hundredths or tenths of wt.%. The study of such materials using the method of X-ray phase analysis faces difficulties, when determining the phase structure. In this work, we will develop a method for the analysis of the diffraction patterns of such materials, when diffraction patterns include X-ray lines, whose intensities are at the noise level. The identification of lines is based on the search for correlations between the experimental and test lines and the verification of the coincidence making use of statistical methods (computer statistics). The method is tested on the specimens of -quartz, which are often used as standard ones, and applied to analyze lava-like fuel-containing materials from the destroyed Chornobyl NPP Unit 4. It is shown that the developed technique allows X-ray lines to be identified, if the contents of separate phases is not less than 0.1 wt.%. The method also significantly enhances a capability to determine the phase contents quantitatively on the basis of lines with low intensities.
Introduction
As a result of the accident at the Chornobyl NPP, the main part of the nuclear fuel has spread over the premises of Unit 4 in the form of a melt. These lava-like fuel-containing materials (LFCMs) include the main part of radionuclides of the spent fuel and, therefore, determine the nuclear, radiation, and environmental safety of the complex "New Safe Confinement -Shelter Object" [1] . In order to predict a change in the state of fuel-containing materials with time, it is necessary to know their structural parameters, including their type, size, and the contents of crystalline phases [2] .
When applying the X-ray phase analysis to them, it was found that, firstly, the LLFCM specimens, in addition to glass on the basis of the silicon, uranium, aluminum, and zirconium oxides, contain also many (more than eight) crystalline phases; secondly, since the contents of those phases in the material are very low (from a few wt.% to several hundredths or tenths of wt.%), the intensities of a many hypothetically possible reflections (X-ray lines) from them are at the noise level; and thirdly, the number of such low-intensity reflections becomes extremely large: up to one or two hundred reflections [3] . The application of a specialized software [4] in order to interpret such "noisy" diffraction patterns brings about a high degree of uncertainty. For instance, the analysis can result in the resolution of several dozens of Xray lines that often correspond to compounds, whose presence in LLFCM specimens cannot be imagined even hypothetically.
Hence, in order to interpret such X-ray diffraction patterns, where the intensities of true lines are at the noise level and which include X-ray lines from unknown phases, it is necessary to apply methods that allow weak lines to be detected against the noise background. In this work, a corresponding method for de-tecting low-intensity X-ray lines is developed on the basis of correlation analysis. Its efficiency and capabilities are analyzed using X-ray diffraction data obtained from reference specimens of -quartz. The application of the developed method in order to analyze the composition and the content of crystalline phases in LLFCMs will be demonstrated.
When discussing the results obtained, the main attention is focused on comparing the line intensities from our experimental X-ray diffraction data and the corresponding line intensities from the Crystallography Open Database (COD) [5] . Therefore, the relative units for intensities are used, i.e. all X-ray diffraction data are normalized to the maximum intensity value for a given specimen or phase and multiplied by 1000. The renormalized quantities are marked by the tilde. For instance,̃︀ = 1000 / max .
Experimental Materials
The sequence of works is as follows. At the first stage, the developed method was applied to analyze the diffraction patterns from a reference specimen of -quartz, with its X-ray characteristics being well known [5] . Then, after determining the capabilities of the method, it was applied to analyze X-ray diffraction data obtained from LLFCM specimens (the socalled brown ceramics).
It should be emphasized that LLFCM diffraction patterns look like noise tracks with single lowintensity lines. Making no use of special analysis, those diffraction patterns cannot be used for the identification of low-content phases even with the help of a specialized software [4] .
Experimental Technique
The phase composition of the examined materials was determined using the X-ray diffraction method on a DRON-4 diffractometer (the − scheme, Cu K radiation). In view of the high radioactivity of researched materials, a system of lead screens was installed in order to protect the personnel fromradiation emitted by the specimens. A protective lead screen was also installed to protect the photoelectron multiplier in the diffractometer and the monochromator (a graphite crystal) in order to reduce the influence of -radiation emitted by the specimens on the useful signal. To evaluate the content of uranium oxide, a specimen of non-irradiated nuclear fuel, which was represented by uranium oxide UO 2 , was used as a reference one.
Correlation Method for Signal Resolution Against the Noise Background
In a standard automated experiment, the diffraction patterns are obtained as discrete sets of numbers (line intensities) measured at every angle. The positions of X-ray lines in the diffraction pattern (the angle value 2 ) are compared with the angles calculated using the data taken from the COD database [5] . This procedure is carried out for each analyzed compound.
The developed correlation method consists in calculating the correlation between a certain test line with known parameters and a corresponding section in the diffraction pattern. Then the degree of correlation is additionally analyzed using statistical methods. This method was used for the first time in work [6] , while resolving low-intensity lines from noise in gamma spectra.
A test line, as well as a section of diffraction pattern selected for the comparison, is a set of consecutive numbers. In terms of statistical analysis, those sets of numbers are samples, between which the degree of correlation is calculated. But below, to clarify the situation, the term the correlation between the diffraction pattern and the test line will be used.
Calculation Technique
When using the automated method for finding a useful signal in the diffraction pattern, certain search criteria have to be set. The following general assumptions form their basis:
• each X-ray line is bell-shaped; • in this work, pseudorandomly or normally distributed samples were taken for the theoretical analysis of the background, although any assumption about the corresponding distribution form was not used in real calculations.
When the noise magnitude becomes comparable with the intensity of a useful signal, the presence of a line in the pattern cannot be detected visually. In such cases, there arises an issue concerning the reliability degree of the decision about the presence of a line in the diffraction pattern. This parameter can be estimated making use of a special statistical treatment. The choice of the angle value corresponding to the line maximum in the proposed method was made with the help of computer statistics [7] . The numerical data were analyzed using the statistical permutation test, i.e. a correlation between the test and examined lines was found.
Method of Correlation Analysis
In Fig. 1 , a general schematic diagram of the method is illustrated. Any diffraction pattern is considered as a sample of elements, where is the number of scanning angles. In the diffraction pattern, an interval (window) of angles is selected, whose width corresponds to the line width, and whose center is in the middle of the selected -interval in the -th angle of a diffraction pattern. The number of impulses (the intensity) at each angle from this window, ( = 1, 2, ..., 0 , ..., ), forms a sample for the further analysis. Then a model sample consisting of elements (angles) is generated in a way to form a bellshaped line: the -values are maximum in the middle of the sample and decrease symmetrically toward the edges. In this work, a Gaussian function, whose shape is close to the shape of a line in the diffraction pattern, was taken for the sake of generation simplicity (see Fig. 1, ) . For those two samples, the correlation is calculated using the permutation test. It is obvious that the correlation will be maximum, if the centers of those lines coincide. As a result of calculations, a histogram of the possible values for the correlation coefficient is obtained. The value at the histogram maximum is taken as the value of the correlation coefficient and assigned to the 0 -th element of a new sample of coefficients . Then the window is shifted to the right by one step, the procedure is repeated, and the element +1 is calculated. As a result of the complete scan of the diffraction pattern, a new sample is formed from the elements ( = 1, 2, ..., max ), which will be called the correlation diffraction pattern (see Fig. 1, ) .
The shape of experimental lines is not perfect, especially at low intensities and in the presence of the noise component. This means that the shape is not reproduced exactly at repeated measurements. The uncertainty degree for the measured intensity (the area) -under bad conditions, the angle of maximum intensity may also become uncertain -can be estimated using a special statistical analysis, namely, by applying the permutation test [7] .
The essence of the latter is as follows. Let us have a sequence of angles: 1 , 2 , ..., 0 , ..., , ..., . Then let us define a line as the number of impulses at the -th angle,
where 2 is the dispersion, 0 the position of the curve maximum, and the random component. We define the test line as the Gaussian function
where = 1, 2, ..., ; = /2 is the sample middlepoint, and ≈ ≤ . Now, let us choose neighbor elements from the sequence -i.e. , ..., + -and form the sum
(
It is easy to verify that this quantity is maximum, when = 0 . Provided that the set is fixed, let us randomly rearrange the elements in the sample and calculate a new sum . If this procedure is repeated many times, then the percentage of -values exceeding 0 will correspond to the probability that the initial sum 0 arose owing to a random relationship between and (this is the so-called -criterion [7] ). For convenience, the reference point can be shifted to zero, thus introducing the quantity Δ = 0 − . Then the negative values of Δ testify that a correlation may appear at randomrealizations. The deviation of the maximum in the histogram of the quantities Δ from zero is selected as the correlation magnitude.
One of the key issues of the method developed to find low-intensity lines is the question of how the proposed algorithm treats the background, i.e. which background is in the correlation diffraction pattern. To answer it, a diffraction pattern was registered in the absence of the specimen and processed making use of the described correlation method. In Fig. 2 , the result of such a processing of the background signal with no real lines in the diffraction pattern is demonstrated. Let the notation stand for the background level in the X-ray diffraction data. Since there are no real lines in the examined signal, a conclusion is drawn that, for the selected processing mode, the background corresponds to the parameter value ≤ 4. This means that the discrimination level at the processing of real diffraction patterns has to be not be less than four intensity units in the correlation diffraction pattern. In other words, all lines in the correlation diffraction pattern with the intensity less than or equal to 4 should be put equal to zero.
Verification of the Method on X-ray Diffraction Data Obtained for Reference Specimens
The efficiency of the developed correlation analysis method was tested by analyzing the diffraction pattern of the reference -SiO 2 specimen. Figure 3 , exhibits the corresponding diffraction pattern measured with an angle increment of 0.05 ∘ . In Fig. 3 , , the same diffraction pattern is shown on a large scale in order to demonstrate the presence of low-intensity lines and the background. The result of a pattern processing using the correlation method is shown in Fig. 3, . Here, the correlation diffraction pattern was discriminated at the level ≤ 4 (see Fig. 2 ), i.e. all points in the correlation diffraction pattern that were less than or equal to 4 were put equal to zero.
The values for the angles and the relevant interplanar distances for -quartz from the COD database [5] , as well as the values obtained from our experimental data using the correlation method, are quoted in Table. These results make it possible to draw the following conclusions. Fig. 3 . General appearance of the diffraction pattern forquartz ( ); the same, but scaled up, data ( ); and the correlation diffraction pattern of -quartz ( )
• The values of angles and relative intensities for lines taken from the COD database (see Table, columns 5-6 and 8-9) have the corresponding values in our experimental data (Table, columns 2-3) processed with the help of the described method.
• Close lines at angles of 50 ∘ , 55 ∘ , 75.9 ∘ , 81.5 ∘ , 84.4 ∘ , and 87.5 ∘ have been resolved and identified, which testifies to a high resolution of the method.
• The method proposed in this work makes it possible to calculate the area and intensity of lines against the "pedestal" background, as is shown in Figs. 3, and . The analysis made above testifies that the developed correlation method turned out rather sensitive, when searching for an answer to the question: Does a selected angle interval in the diffraction pattern contain a line? The questions of current concern are as follows: Is it possible to draw quantitative conclusions from the correlation diffraction pattern about the correlation between the areas of the corresponding lines in the initial and correlation diffraction patterns? Does the correlation diffraction pattern only reflects the degree of correlation between the real and test lines, or it also reflects their intensities? At first glance, the standard Pearson correlation coefficient given by the expression [10] seems to be applicable in this case. When analyzing the model samples ( Fig. 4) , this coefficient was calculated in parallel with the coefficient at each permutation, and the value of at the histogram maximum was taken as the correlation magnitude. In such a manner, the most probable value of the correlation coefficient was obtained (see, e.g., work [11] ). The both considered methods used in the calculation of the correlation coefficient give information about the correlation degree between two samples. However, there is a principal difference between the Pearson correlation coefficient and the result of the permutation test. The Pearson correlation coefficient is introduced by expression (4), and the value of changes within the interval (0, 1). At the same time, the correlation value obtained from the permutation test is proportional to expression (3). Therefore, if the line intensity changes, which is equivalent to the multiplication of a sample by a definite coefficient, expression (4) remains unchanged, whereas expression (3) increases by the corresponding factor. This statement was verified by means of a direct simulation. A model diffraction pattern was generated ( Fig. 4, ) , which included a noise background and a series of Gaussian lines with gradually increasing amplitudes (Fig. 4, ) . The result of the correlation processing of this signal is shown in Fig. 4 , . One can see that the intensity of correlation lines also increases linearly, which means that there is a linear relationship between the intensities of lines in the original diffraction pattern and the intensities of the corresponding correlation lines. From whence the following conclusion can be drawn: the amplitude of lines in the correlation diffraction pattern reflects the amplitude of lines in the initial diffraction pattern, but it is obtained in terms of some relative units, because it depends, e.g., on the amplitude of a test line. Therefore, for the comparison with other data to be possible, the procedure of obtaining the correlation Example of a section in the correlation diffraction pattern, which contains additional lines, whose intensities are higher than the intensity of the tabular line at 2 = 57.46 ∘ ÷57.57 ∘ Fig. 6 . Illustration of deviations from the linear relation between the line intensities for -quartz taken from the COD database [5] diffraction pattern has to be calibrated. The required normalizing factor can be obtained, e.g., by analyzing the diffraction pattern for -quartz and equating the amplitude of the maximum correlation diffraction Fig. 7 . General appearance of a brown-ceramic diffraction pattern ( ); the same, but scaled up, data ( ); and the correlation diffraction pattern of brown ceramics ( ) line to 1000, as it is customary to do in databases (see Table) . Figure 4 testifies that there is a linear relationship between the intensities of the experimental and correlation diffraction lines. Therefore, all lines in the correlation diffraction pattern (after the discrimination of low-intensity lines) are real by definition, including those detected in noise. Therefore, after the normalization of the correlation diffraction pattern, it can be argued that the relative intensity of experimental diffraction lines (it is determined with a certain error according to the noise level) will be more correct in the correlation diffraction pattern.
Values of interplanar distances, angles, and normalized intensities for -quartz
This issue can be discussed by analyzing Table, which contains data of various experiments. One can see that there are some differences between the tabulated data themselves and the data obtained in this work. The intensities of some lines are very low (the corresponding cells in Table are colored) . At the same time, proceeding from our data, we obtain a paradox. For instance, the line indicated in the database at 2 = 57.46 ∘ ÷57.57 ∘ is also visible in our correla-tion diffraction pattern (Fig. 5 ). However, the same angle interval includes some more low-intensity lines that are not contained in the tabular data, although their intensities are higher than that of the tabular line at 2 = 57.46 ∘ ÷57.57 ∘ . This fact means that either several additional lines belonging to -quartz revealed themselves in the correlation spectrum in Fig. 5 or all lines shown in Fig. 5 , including the tabular line at 2 = 57.46 ∘ ÷57.57 ∘ , are "noise". The latter may arise as a result of the imperfect character of the reference specimens (both ours and those, the results from which were included into the indicated database). From whence, it follows that the lines, whose intensities are at the unity level may be real, but not associated with the perfect structure of the crystal lattice in the examined homogeneous material. A decision of whether they should be taken into account, when identifying the phases by comparing with the tabulated angle values, should have a special substantiation.
On the basis of the data quoted in Table, a plot illustrating the relationship between the tabular val-ues for line intensities taken from the COD database [5] can be drawn (see Fig. 6 ). Expectedly, there is a cretain discrepancy between those values, which is a result of the available experimental accuracy of diffraction patterns. From the results of model calculations ( Fig. 4) , it follows that there is a linear relationship between the correlation and model intensities (a plot analogous to that in Fig. 6 cannot be drawn for experimental data, because there is no way to independently evaluate the intensities of experimental lines, which are determined exactly in model calculations). Therefore, it is reasonable to assume that the correlation intensities are more accurate, so that it is better to use the correlation intensities given in column 3 of Table, when estimating the relationships between the -quartz lines.
On the basis of our researches, we may conclude that the method developed for the correlation analysis of diffraction patterns gives reliable results. This conclusion allowed this method to be applied to the analysis of LLFCMs that look like (and correspondingly dubbed) "brown ceramics".
In Fig. 7 , , the diffraction pattern for a specimen of LLFCM brown ceramics is shown. The diffraction pattern of this material looks like a noise track with six intense lines and a few broadened ones, e.g., at ≈ 50 ∘ and 60 ∘ (see Fig. 7, ) . The available data make it possible to reliably identify (on the basis of six lines) and to determine the content of only one phase: uranium oxide UO 2.234 (4.5-5.5 wt.%). The presence of the following phases are supposed: cubic zirconium oxide ZrO 2 (five lines), orthorhombic SiO 2 (one line), and uranium silicate USiO 7 (one line). For all indicated crystalline phases, their structural (non-chemical) formulas in accordance with the COD database were used. At first glance, the processing of diffraction data in the framework of our correlation analysis method seems to give a similar picture (Fig. 7, ) : six intensive lines and a noise track in the form of low-intensity lines.
However, one should bear in mind that "noises" have already been removed from the correlation diffraction pattern. Therefore, according to the discussion above, all lines in the correlation diffraction pattern should be considered as real. A comparison of those lines with the X-ray diffraction database [5] brought about an unexpected result. By analyzing this diffraction pattern, we can not only confirm the identification of uranium oxide UO 2,234 , but also reliably identify (on the basis of more than six lines) and determine the content of cubic zirconium oxide ZrO We note that the high sensitivity and accuracy of the method poses a new problem. The existence of a great number of low-intense lines at the analysis "by hands" increases the error of determination of their relative contribution (errors can increase by several times). The question about the development of a method of reliable evaluation of the content of phases in such situation will be considered in the subsequent works.
From the viewpoint of the X-ray diffractometry practice, this result of the crystalline phase identification by processing the diffraction patterns can be regarded as a very good one.
Conclusions
A method to detect low-intensity X-ray lines has been developed for the problems of X-ray phase analysis of materials that contain many (more than eight) lowcontent (from several tenths of wt.% to a few wt.%) crystalline phases. The method is based on the calculation of correlations with the use of the computer statistics approaches.
The application of this method to reference specimens showed not only its efficiency, but also its advantages, when determining the line intensities. In particular, in many cases, when the database contains only a qualitative indication that the intensity of corresponding lines is actually lower than the identification level, the developed method allowed the corresponding intensity value to be assigned to each detected line (see Table) .
The application of the developed correlation method to the analysis of the diffraction patterns of specimens containing phases with a content lower than 0.1 wt.% showed that such phases can be reliably identified. The determination of the lower sensitivity limit of the method is a task for the further research.
